Abstract. During three measurement campaigns on the Baltic and North Seas, atmospheric and dissolved methane was determined with an automated gas chromatographic system. Areaweighted mean saturation values in the sea surface waters were 113 + 5% and 395 + 82% (Baltic Sea, February and July 1992) and 126 + 8% (south central North Sea, September 1992). On the bases of our data and a compilation of literature data the global oceanic emissions of methane were reassessed by introducing a concept of regional gas transfer coefficients. Our estimates computed with two different air-sea exchange models lie in the range of 11-18 Tg CH 4 yr -•.
Introduction
Methane is an atmospheric trace gas that contributes about 15% to 'the greenhouse effect [Houghton et al., 1990] and plays an important role in tropospheric and stratospheric chemistry [Cicerone and Oremland, 1988] . Today, the global tropospheric concentration of methane is increasing at an annual rate of about 0.7-1% [Steele et al., 1987 [Steele et al., , 1992 Khalil and Rasmussen, 1990 ]. On the basis of estimates of the sources and sinks of methane, predictions of further impacts on the world's climate can be made. Therefore it is necessary to evaluate the contributions of natural and anthropogenic sources to the global budget of methane. The world's oceans, as a natural source of methane, play only a modest role in the global methane budget. Oceanic emissions account for about 2% of all natural and anthropogenic sources [Cicerone and Oremland, 1988] . However, an accurate assessment of the oceanic source is still missing because of the paucity of available data [Ehhalt, 1974; Ehhalt and Schmidt, 1978; Cicerone and Oremland, 1988; Lambert and Schmidt, 1993] .
In this paper we present recent measurements of atmospheric and dissolved methane from different marine environments. Data with Sicapent TM (phosphorus pentoxide drying agent with indicator, E. Merck, Darmstadt, Germany). After the sample stream passed the moisture trap a 2-mL thermostated sample loop was flushed for 5 min with a sample flow of 25 mL min -1 and then the sample was injected. We used helium (55 mL min -1) as carrier gas and hydrogen (30mL min -•) and synthetic air (250 mL min -1) as flame gases. For the gas chromatographic separation we used a packed column (1.80 m x 3.2 mm, stainless steel) filled with washed molecular sieve 5A (mesh 80/100, Alltech Associates, Inc.). The GC oven was operated isothermally (60øC), and the heated zone of the flame ionization detector was held at a temperature of 250øC. Two sets of standard gas mixtures were used for calibration. On the first cruise we used a mixture of methane in synthetic air with methane mixing ratios of 1.80 and 5. Saturation values were calculated as the ratio of dissolved methane to the expected equilibrium value derived from the ambient air concentration by applying the equation of Wiesenburg and Guinasso [1979] . Fluxes of methane across the seawater-atmosphere interface were computed with the equations of Liss and Merlivat [1986] . The transfer coefficient was corrected according to the Schmidt number Sc of methane (Sc=kinematic viscosity of seawater/diffusion coefficient of methane) at the actual salinity and temperature of the seawater. Diffusion coefficients were obtained from the expression of dtihne et al. [1987] , and the kinematic viscosity was calculated with the equations given by Sledlet and Peters [1986] . All meteorological and oceanographic data were obtained from the ships' records and conductivity-temperature-depth (CTD) measurements performed during the cruises. The wind speed, recorded at different heights during the three expeditions, was normalized to a 10-m height by using a neutral drag coefficient [Garratt, 1977] .
concentrations of methane (Figures 2a and 2b) (Table 1) .
In September 1992 we measured atmospheric and dissolved methane in the southern central North Sea at one station during 14 days, which provided a time series (Figure5a). The atmospheric mixing ratio ranged from 1.70 to 2.46 ppmv, with an average value of 1.92 ñ 0.10 ppmv. Except for three single measurements, the surface water was supersaturated with methane during the campaign. During the first 3 days the saturation shows a slight decreasing trend from 140% to 115%, (Table 3) . Nevertheless, measurements in coastal regions, e.g., the southern California Bight [Cynar and Yayanos, 1992] (Table 3) . A compilation of methane measurements in marine environments (only measurements in the surface layer are considered) shows that the occurrence of methane supersaturation is not limited to biologically productive areas (i.e., estuaries, coastal zones, and upwelling areas) (Table 3) .
Where no saturation value was reported, we estimated this value from the seawater concentration using (if available) the sea surface temperature and salinity and assuming an annual tropospheric growth rate of 0.8%. Saturation equilibrium or undersaturation have been observed only in a few cases. Undersaturation might be the result of seasonal effects due to changes of hydrographic parameters, especially the sea surface temperature.
There is a clear trend toward higher supersaturation ratios in coastal and highly productive environments. The data listed in Table 3 indicate that most parts of the ocean act as a source for methane. One has to be aware, however, that there is a tendency to make oceanographic measurements during the spring, summer, and fall seasons. Seasonal differences can cause considerable variation in the distribution of methane in biologically productive regions (e.g., Baltic Sea), so that the present data set is likely to be biased toward the higher saturation ratios typical of the warmer seasons.
On the bases of our own results and the literature data in Table 4 . Since the spatial resolution of the NCAR CCMI was 2.8 ø x 2.8 ø latitude-longitude (i.e., 8192 grid points), some of the oceanic provinces were characterized by less than 10 grid points. Therefore the mean values of these provinces (e.g., Gulf of Califomia, Baltic Sea, Red Sea etc.) have to be regarded as uncertain. Additional uncertainties in the wind and temperature fields and the applied equations used in the CCM1 introduce an error for the transfer coefficient of at least 50% [Erickson, 1988] .
Regional 
Source is Liss and Merlivat [ 1986].
Mean values are derived from less than 10 grid points.
Values are area weighted. 
Model calculations
Despite the fact that the marine methane emissions play only a modest role in the global budget the following question arises: How does the oceanic flux respond to an increasing tropospheric methane mixing ratio? From ice core measurements it is known that since the beginning of the industrialization (approximately 150 years ago), the tropospheric methane mixing ratio has increased from 0.8 ppmv to 1.7 ppmv [Houghton et al., 1990] . Reliable measurements of dissolved methane are available only since the late 1960s (see Table 3 Shelf regions are given in parentheses. All "area" data are from Source is this paper (see Table 5 ). Source is this paper (see Table 4 ). This is a fitted parameter. Our prediction of continued oceanic emissions of CH 4 is in contrast to the hypothesis of some authors [Cicerone and Orernland, 1988; Lambert and Schmidt, 1993] , who suggested a significantly decreasing oceanic flux and postulated that the ocean will become a sink for methane in conjunction with the increase of tropospheric methane mixing ratios. This discrepancy is due to a difference in assumptions. Lambert and Schmidt [1993] assumed that the concentration of dissolved methane is fixed at the present-day value, which would require an increasing internal sink function or decreasing production. Since there is no evidence that these processes are controlled by dissolved methane concentrations, we feel that a constant net production in the surface ocean and thus a constant emission is a more realistic assumption.
Conclusions
The Baltic Sea and the North Sea are sources of methane to the atmosphere. We observed a strong seasonal variation of the methane saturation in the Baltic Sea. The Oder Bight as a typical shallow coastal region showed higher saturation values due to the Oder River plume and sedimentary production than offshore regions of the Baltic Sea. Occasional events, e.g., high wind speeds, could cause a considerable change in the methane saturation in the Oder Bight. On the basis of a compilation of methane measurements from different oceanic regions our reassessment of the global oceanic emissions, applying two different air-sea exchange models, yielded a low limit of 11 Tg CH 4 yr '1 and a high limit of 18 Tg CH 4 yr -•. About 75% of the Sea, Noah Sea, etc.). Model calculations with a simple, coupled three-layer model showed that even with increasing tropospheric concentrations of methane, a net sea-to-air flux of methane to the atmosphere will remain at a level close to the present source strength.
